Abstract : Implantable electrical devices have been in use over decades to restore vital functions. Among the wellknown devices are pace makers for regulating heart rate, neurostimulators for treating neurological disorders, and cochlear implants for rescuing the hearing organ. The cochlear implant is used for patients with severe neuro-sensory hearing loss. The implant consists of an electrode that provides electrical stimuli to the spiral ganglion neurons in the cochlea, thus eliciting impulses in the pathways that normally convey auditory information from the hearing organ to the brainstem. However, disorganization of the residual spiral ganglion collaterals within and around the same frequency region of the electrode can lead to non-specific signaling and thereafter inability to discriminate the sounds. A situation that can limit considerably the maximum recovery of the auditory function after cochlear implantation. Thus, strategies that promote functional mimicry in close vicinity of the electrode are considered as potential solutions. The strict bipolarity of sensory neurons is a unique micro anatomical peculiarity of the inner ear innervations and may constitute a new option to improve sound perception within localized frequency range. In this paper, we show that minimal guidance cues provided via a simple printing technique using patterns soaked with proteins are enough to modify profoundly the polarity of regenerating spiral ganglion neurons. Regenerating spiral ganglion neurons preferentially acquired uni-or bi-polar morphology with limited branching on alternating lines structured surfaces. The neuronal processes grow in a direction parallel to the lines for distances that exceeds 2 mm.
Introduction
The hearing organ consists of well-organized structural units, the hair cells and their sensory neurons, that spiral in the human cochlea for more than 30 mm with distinct tonotopic organization. The primary sensory neurons, located in the spiral ganglion in the central bony part of the cochlea are typical example of highly polarized neurons that are receiving auditory information from the inner hair cells and send them up to the higher brain centers. 1 The peripheral processes of the bipolar spiral ganglion neurons contact the hair cells by way of perfectly arranged radial projections that are grouped in distinct bundles, each bundle being in relation with a single inner hair cell along the length of the cochlea. Each group of sensory cells responds to specific frequency components of the incoming sound signal, i.e. cells in the base of the cochlea respond to high frequencies while apical cells respond to low frequencies. This tonotopic organization, which is maintained throughout the auditory nervous system, corresponds to precise innervation of the sensory cells. Intense noise, ototoxic drugs, diseases, congenital disorders, and aging can cause irreversible damage to the inner ear sensory cells and thereafter hearing impairment. The traditional rehabilitative approach for hearing-impaired patients involves the use of hearing aids. Recently cochlear implants have emerged as a successful alternative that can be used in more severe cases of hearing loss. Cochlear implant is a device that is partially implanted into the cochlea to provide electrical stimuli to the auditory neurons, thus by-passing missing or malfunctioning sensory cells. 2 However the efficiency of the cochlear implants still depends to a big extent on the auditory neurons responsiveness. Re-innervation after implantation involves an essential interplay *Corresponding author Tel: +46-852487484; Fax: +46-852486088 e-mail: shaden.khalifa@ki.se (Shaden Khalifa) between the tonotopically ordered spiral ganglion neurons and the electrode array which has a cruder frequency separation. A modern implant may have up to 24 electrode plates; a situation still far from the healthy cochlea where 3000 inner hair cells directly connected to about 40,000 spiral ganglion neurons. Thus improvement of the spiral ganglion neurons connection based on tonotopic organization by increasing the length and/or polarity is a requisite. One fundamental question remains is how within anatomically complex and delicate organ such as inner ear, the cellular and molecular cues can be directed to form favorable route and guide the neurons to the counterpart peripheral targets. Applications ranging from biomaterialbased to cell-based therapies introduce alternative means of adding permissive milieu to the severed nerve and offer exciting opportunities to produce correct signals on surfaces of implantable devices that instruct the neuronal outgrowth towards a desirable behavior. Therapeutic benefits of those applications can be achieved by applying chemotactic attraction directly and indirectly in planned manner to counteract the anatomical hurdle. Moreover, understanding the link between specific surfacebound cellular cues and the neuronal response at the single-cell level either in vitro or in other simple systems can be later translated into potential repair strategy. Our research in this area is within the context of the auditory system, yet the motivation is two-fold; first to enhance spiral ganglion re-innervation and second to use the information to fabricate more effective devices for other neurodegenerative diseases.
In turn, inner ear neurons showed regenerative ability in vitro, 3 and in situ 4, 5 with the perfusion of trophic factors or virus transfection. Neurons were growing, in all the directions crossing each other, forming complex structure with multi sprouting and early branching. Despite all the efforts directed to rescue and regenerate the residual spiral ganglion neurons, the preservation of the tonotopic precision (and accordingly frequency discrimination) is still largely lacking. Compensation for the frequency degradation on the other hand could be promoted via a location-specific guidance. Ultimately, location-specific guidance will not only enhance the proximity but promote the outreach by inducing proper polarity. In vitro, bipolar neuronal guidance could be acquired by spatially sorting of chemical and physical cues on the surfaces. Consequently, structured surface is likely to be sufficient to construct neuronal outgrowth in a spatial organization mimicking the in vivo situation. Recently, electron beam lithography has been efficient method to fabricate spatial patterns for testing cortical cells guidance in culture. 6 Further development in the field of patterning provided more simple and less laborious approach, namely microcontact printing. 7 Elastomeric stamps made of polymerized polydimethyl-siloxane (PDMS) can produce imprinted micrometer-sized patterns of extracellular proteins on glass cover-slips to guide the neurons outgrowth. In this study, we want to test the influence of structured surfaces on the polarity of cultured neurons from the inner ear and from other cranial and spinal sensory pathways .
Material and Methods

Cell Culture Preparation
Spiral, vestibular and dorsal root ganglia in addition to sciatic, facial and trigeminal nerves were dissected from mice (CBA; B&K laboratories) at postnatal day 6-8 or rats (Sprague Dawley; Harlan laboratories) at postnatal day 6-8. Dissociated tissues were prepared by modification of the spiral ganglia culture method. Briefly, pooled tissues were kept in Dulbecco's modified essential medium (DMEM) with penicillin/streptomycin antibiotic (100 µg/mL) on ice until individual cells were isolated. The excised tissues were digested in 0.25% trypsin and collagenase (Sigma) in DMEM for 20 minutes at 37 o C followed by centrifugation at 1000 rpm for 7 minutes. Trypsinization was inactivated by adding equal amount of tissue culture medium (DMEM/F-12 at 1:1 with L-glutamin; Invitrogen) containing 100 µg/mL penicillin/streptomycin and 20 mM glucose, and supplemented with 10% fetal bovine serum. Tissue fragments were gently triturated through a constricted Pasteur glass pipette.
Following trituration and filtration, the cells were resuspended in tissue culture medium (described above). The cells were seeded on glass cover slips at a density of 300,000 cells/mL and cultured in center-well organ culture dishes (Falcon) under standard cell culturing conditions (37 o C, 5% CO 2 ). Dissociated neurons adhered spontaneously as mixed culture with Schwann cells, fibroblasts, astroglia and other cells onto the surfaces. Each experiment was repeated at least 3 times and cells were cultured for 5 days and observed for survival and outgrowth once a day. Medium was changed every second day and cells were fixed at the end of the experimental period with 4% paraformaldehyde for 1 hour at room temperature. The animal experiments were performed in accordance to the Swedish national regulations for care and use of animals (approval no. N 32/07) and in agreement with Karolinska Institute ethical guidelines.
Micro-Contact Printing
Round glass cover slips (diameter 15 mm; Hecht, Germany) were either uniformly coated with laminin, referred inhere as non-structured surface (0.01 mg/mL, Sigma), or coated with a Matrigel-laminin protein pattern. Matrigel (BD Bioscience) is a blend of basal lamina proteins, extracted from the EHS mouse sarcoma, and has been used in cultures of neurons, hepatocytes, Sertoli cells, mammary epithelial cells, melanoma cells, vascular endothelial cells, thyroid cells, hair follicle cells. 8 The protein pattern was made using micro-contact printing as previously described. 9 In brief, PDMS stamps were kept in ethanol to avoid hydrophobic effect. Before use, the stamps were washed twice in PBS and left to dry under sterile conditions. Then the stamps were loaded with ECM and transferred to clean moisture dish for about 10 minutes and by pressing the PDMS stamp against the glass cover slip for 1 minute, we obtained patterned surfaces. The protein pattern consisted of Matrigel diluted 1:10 in DPBS and supplemented with 10 mg/mL laminin (Sigma) and 10 mg/mL poly-D-lysine (Sigma). This mixture was intended to mimic extracellular matrix components and will be referred to as ECM in the following. The alternating lines pattern was built as 8-and 16-µm wide lines (length 4 mm) radiating from a centre with uniform coating. The space between the lines varied from 22 µm at the centre to 180 µm at the periphery. The crossing lines pattern was designed as framework of horizontal and vertical 8 µm sized lines making regular squares. It has been shown that the mean height of the protein pattern is 5.6±0.8 nm which should only have very limited physical effect on cell behavior (Khalifa et al., in preparation).
Immunofluorescent Staining
The fixed cells were blocked and permeabilized in 5% bovine serum albumin (BSA; Sigma), and 0.3% Triton X-100 solution then washed three times before exposed to primary antibodies. Antibodies against S100 Beta (rabbit anti S-100, Abcam; 1:500), 200-kDa neurofilament protein, characteristic of mature neurons (NF200, Biosite; 1:500), laminin (mouse anti-laminin, Sigma; 1:1000), and Glial Fibrillary Acidic Protein (anti-GFAP, Sigma; 1:2000) were used. Primary antibodies were added at the same time point and incubated overnight at 4 o C. Following a couple of rinses, cells were incubated with secondary antibodies conjugated with the fluorochromes Alexa Fluor 488, 594 or 633 (Invitrogen). Protein patterns were visualized by using FITC-conjugatedpoly-L-lysine (Sigma) in the ECM or by staining with the antilaminin antibody as mentioned above. To visualize cell nuclei, cells were stained with DAPI (40,6-diamidino-2-phenylindole; Invitrogen / Molecular Probes) before mounting.
Imaging
Phase contrast microscopy (Nikon eclipse TS 100 equipped with a digital camera DS-5M; Nikon, Japan) was performed on a regular basis to examine the unfixed cultured cells. Stained samples were imaged using a Zeiss microscope (Zeiss Axiovert Observer.Z1) equipped with an Axiocam/Axiovision 4.8 camera or Olympus BX61 microscope equipped with a MärzHeuser motorized scanning stage, an XM10 camera and AnalySIS imaging system software. Images were collected as separated fluorescent channels. Images were taken of multiple fields in cases where features of interest could not be fitted into a single frame. Series of images were captured and aligned as mosaic or panorama image using Adobe Photoshop. 3D image stacks were acquired using a Zeiss 510 confocal microscope and rendered using Imaris (Bitplane-AB).
Image Analysis
NF200-labeled neuronal processes (from the cell body to the most distant NF200 positive signal point of front) were manually traced using the straight line segment tool of ImageJ (National Institute of Health, NIH, Bethesda, MD, USA) software and the total lengths were recorded and grouped. NF200-stained neuronal processes, achieved along the structured surface were compared with those on crossing and non-structured surface. The longest branch was monitored from digital images of randomly selected neurons under each condition using the same measurement tool. Unipolar neuron was identified as the one having only one process from cell body to nerve terminus while bipolar was having two opposite neuronal processes originating from the same cell body and multipolar accordingly was the neuron with more than two processes.
Results
Neuronal Polarity on Surfaces
Using morphological and immunohistochemical criteria, neuronal outgrowth and branching in mixed cultures were observed on both structured and non-structured surfaces. On alternating lines structured surfaces, individual neurons were found to grow following a remarkable spatial arrangement without any branching in stark contrast with the growth pattern observed on non-structured homogenous protein surfaces ( Figs  1A, B) . The outgrowth was either uni-or bi-polar which made possible to follow single axons from their emergence at the cell body to their termination. The NF-200 positive neurons elaborated polarized processes, in parallel and in the direction of the lines. The processes of neurons growing on non-structured surfaces seemed mostly to follow a random trajectory with numerous changes of direction ( Figs 1A, B) . Branching occurred and U-turns of the main axon or of secondary branches were not infrequent. On crossing lines, with no restrict guidance control, uni-, bi-and multipolar configurations could be found (Fig 2A) . The transition from a uni-or bipolar to a multipolar shape can happen as the neurons may not easily sense the chemical cues that are sorted in two opposite directions.
Neuronal Polarity on Schwann Cells
Alignment behavior of neurons from spiral (and vestibular, trigeminal, facial, dorsal root, sciatic) neurons served for polarity comparisons. Our laboratory has recently demonstrated the alignment of Schwann cells on similar surfaces to those in this study (Khalifa et al., in preparation). Through various tissues, neurons and Schwann cells behave similarly on structured and non-structured surfaces. However to determine if the microenvironment formed by Schwann cells alignment will influence the polarity of neurons in accordance to specific spatial arrangement, we plated mixed cultures of neurons and Schwann cells on the surfaces. We observed that on nonstructured surfaces, neurons grow in close apposition to the Schwann cells. The random distribution of Schwann cells made the neurons displayed a high degree of morphological complexity with many turning and branching (Fig 1A) .
On crossing lines, angular deviation of Schwann cells arrangement with respect to the rectangular orientation of the crossing lines resulted in poor alignment of neuronal processes. Closer look of the correlation between the surface, Schwann cells and neurons showed how the uneven alignment of Schwann cells could reshape the neuronal orientation and misguide the neuronal processes on and out the crossing lines (Figs 2A, B) . Onto alternating lines structured surface, Schwann cells alignment directed neuronal outgrowth and polarity. Schwann cells align with two primary processes on the lines and the neurons in opposition have limited directional changes, limited bifurcations and minimal morphological complexity. The neurons under this condition have mostly bipolar morphology which is also typical of their standard morphology ( Figs 3A, B) . Three dimensional reconstruction of the growing neuron onto aligned Schwann cells demonstrated that neuronal protrusions could be generated from the soma in bi-directions achieving bipolarity and alignment and confirmed that Schwann cells help neurons to acquire polarity in the presence of restricted structured cues (Fig 3C) . Other cell types in the mixed culture including fibroblasts showed no characteristic alignment and no difference related to neuronal growth and polarity was noticed in their presence and under the present culture conditions. Staining with neurofilament-200 (red) showed how the structured surface reshaped the neuronal orientation. As observed on nonstructured surface at the center, the neurons were distributed randomly however when the neuronal processes reached the lines, they displayed uni-or bi-polar morphology, and the axonal alignment was following the chemical cues. Scale bar = 100 µm. 
Neuronal Length and Branching
Out of 95 total observational fields, the longest branch of a single neuron on structured surface (alternating lines) reached 2695 µm. The incidence of uni-and bipolar neurons was 95% compared to 5% multipolar on alternating lines (a total of 122 neurons from 39 observational fields) while the incidence of uni-and bipolar neurons was 14% compared to 86% multipolar on non-structured surfaces (a total of 166 neurons from 47 observational fields) and 13% of uni-and bipolar as compared to 87% multipolar on crossing lines (a total of 30 neurons from 9 observational fields). In the present study and as illustrated in figure 2 , the average length of uni-or bipolar neuronal process on alternating lines was 1691±338 µm, while the average length on crossing lines was 1270±254 µm compared to non-structured surface with average length of 911±182 µm. Eventhough the lines cross-section (8 µm) and the spacing periods (22-180 µm) are in close range in both type of patterns, it was evident that, on crossing-lines, the individual neurons display partial alignment while keeping the characteristic multipolarity and early branching as on non-structured surfaces. The neuronal processes on the crossing lines did not seem to sharply distinguish between structured and non-structured surfaces ( Fig  4A) . In contrary to these observations, on alternating lines the neuronal processes showed great respect to the underlying spatial orientation and appeared to arrange onto the structured surface in well-organized bundles up to a distance of 3 mm ( Fig  4B) . Lane changes were noticed between two adjacent lines however these occasional events did not affect the overall neuronal polarity and linearity. The uni-or bi-polar processes showed reliable adhesion with strong physical orientation to the structured surface similar to the multi-polar processes on other surfaces. Polarity did not seem to deviate or revert to random orientation and no new produced processes were visible on alternating lines structured surfaces during the time course of the experiment. Fixation, washing and staining did not disrupt the neuronal adhesion on the structured surface.
Discussion
Tissue-engineering approaches to enhance nerve regeneration have been introduced in the last century.
10 Approaches such as surgically implanting artificial device or bridging the peripheral and central nervous system lesions have been investigated in several studies. 11, 12 However, incidence of regenerative flaws such as multiple neuronal collaterals, axonal collapse or deviation, compromise the establishment of an optimal electrical conduction. The collaterals misguidance, diversion or displacement can lead to chemical and electrical signals overlapping. Thus, incomplete functional recovery can happen due to incorrect re-innervation 13 and therefore location-specific guidance becomes a crucial factor for the nervous system repair. Location-specific guidance of nerve outgrowth has been studied through oriented chemical cues in conduit lumen,
14
onto microfilaments 15 and into microgrooves. 16 Guidance to specific anatomical location would facilitate neuronal signaling conduction with high fidelity to the brain centers. The absence of collaterals from spiral ganglion neurons growing on the alternating-lines structured surfaces was an interesting observation in this respect. This is in stark contrast to the same neurons growing on a homogenous surface where they tend not only to make loops and crossing pathways, they also branch at an early stage of their growth. This is different from the terminal branching that normally occurs in the vicinity of the target to generate axonal or dendritic arborisation. Early axonal branching will lead to the formation of long collaterals that will give to the neuron the functional configuration of a multipolar neuron. This phenomenon is not unique to our experimental conditions. Even though this phenomenon is not always explicitly mentioned in the published papers, early axonal branches can be seen in every study of regenerative inner ear neurons where axons are distinguishable.
17-26
Indeed, uncontrolled branching is a characteristic of regenerating peripheral nervous system neurons. Branching (sprouting) occur both in sensory and motor fibers, at the proximal end of severed nerves or at intact axons in the vicinity of damaged nerves (collateral sprouting). Branching can be considered as a positive, even essential process, for successful target reinnervation, in the sense that by producing additional, often redundant, neurites, it contributes in augmenting the chances that individual axons reachs their target. 27 However, branching can just as well become a major hindrance to the rehabilitation process as it often leads to polyinnervation or innervation of supranumerous targets which will severely impair function. 28, 29 In the cochlea uncontrolled branching of regenerating axons would introduce a dispersion of the peripheral projections to specific frequency regions and leads to degradation of the frequency discrimination. The fact that the neuronal processes maintain a stable linearity following the longitudinal axis of the alternating lines when Schwann cells are aligned on the underlying spatially arranged features, was another compelling observation. In the nervous system, neurons coexist with glia suggesting an important role in development and regeneration. 30, 31 Schwann cells, peripheral nervous system glia, have been shown to support neuronal outgrowth across and along the longitudinal axis of the nerve guidance conduits and nerve autograft. 32, 33 In a closed and complex anatomical structure such as the cochlea and when nerve autograft is not applicable, implanting electrical device served as the ultimate option. A challenging situation for the residual spiral ganglion neurons; those are in need to regrow towards the electrode and across a complex cellular environment guided by Schwann cells. In support of this notion, we observed the outgrowth of neurons in the presence of co-cultured Schwann cells on structured surface. In our experimental set, the presence of aligned Schwann cells supports the nerve polarity. The neurons did not follow any of the other cells in the culture and remain mainly in apposition to Schwann cells on both structured and non-structured surfaces. Our results reveal that when the Schwann cells are not perfectly arranged as on crossing lines and non-structured surfaces, the neuron can display multipolar outgrowth form. Neurons, regardless the tissue origin, exhibited uni-or bi-polar morphology over significantly greater distance in the presence of Schwann cells on alternating lines as compared to other surfaces. Sprouting and early branching were noticed on non-structured surface and to lesser extent on crossing lines. Further analysis will be required to explain the mechanism behind the sharp polarity on structured surfaces, but one possibility could be that the alignment of Schwann cells forced the guidance of neurons in accordance to the chemical cues then the neuronal elongation came at the expense of the sprouting property. The selective polarity of neurons over sprouting (branching) when cultured on alternating-lines structured surfaces was a novel finding of the current study. These results indicate that application of spatial features influenced the polarity of neurons and Schwann cells alignment and offered remarkable directional cues for neurons in culture. Finally this finding has a clear impact on the use of electrical devices aiming at controlled regeneration for replacement of highly polarized tissues.
